Learning to read is extremely difficult for about 10% of children; they are affected by a neurodevelopmental disorder called dyslexia [1, 2] . The neurocognitive causes of dyslexia are still hotly debated [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Dyslexia remediation is far from being fully achieved [13] , and the current treatments demand high levels of resources [1] . Here, we demonstrate that only 12 hr of playing action video games-not involving any direct phonological or orthographic trainingdrastically improve the reading abilities of children with dyslexia. We tested reading, phonological, and attentional skills in two matched groups of children with dyslexia before and after they played action or nonaction video games for nine sessions of 80 min per day. We found that only playing action video games improved children's reading speed, without any cost in accuracy, more so than 1 year of spontaneous reading development and more than or equal to highly demanding traditional reading treatments. Attentional skills also improved during action video game training. It has been demonstrated that action video games efficiently improve attention abilities [14, 15] ; our results showed that this attention improvement can directly translate into better reading abilities, providing a new, fast, fun remediation of dyslexia that has theoretical relevance in unveiling the causal role of attention in reading acquisition.
Results
Dyslexia is a severely invalidating learning disability that affects literacy acquisition despite normal intelligence and adequate instruction [1, 2] . Dyslexia is often associated with undesirable outcomes, such as lower educational attainment and loss of self-confidence [1, 2] , because reading is essential for all aspects of learning from using older school books to the latest technology (e.g., ebooks and smart phones).
Although an impaired auditory discrimination of spoken language (phonological processing) is widely assumed to characterize dyslexic individuals [1, 2, 7, 8] , dyslexia remediation is far from being fully achieved [1] . Improvements in auditoryphonological processing do not automatically increase reading abilities [13] . Recent evidence suggests that dyslexia could arise from a basic crossmodal letter-to-speech sound integration deficit [4, 5] . Remediation based on explicit, systematic instruction on letter-to-speech integration (decoding strategies) appears to be the most efficient treatment [1, 2, 13] . However, all the existing treatments are controversial and demand high levels of resources. Moreover, the cognitive processes underlie the improvements in reading ability remain unclear [1, 4] .
Attentional dysfunction is an important core deficit in dyslexic individuals [6, [9] [10] [11] [12] [16] [17] [18] . Letters must be precisely selected from among other cluttering graphemes [19] by rapid orientation of visual attention [20] before the correct letterto-speech sound integration applies [3-6, 9, 17] . Efficient attention improves the perception of stimuli [20] and increases the development of neural connections [21] between letter and speech sound [4, 5] . An attentional deficit reduces the success of traditional dyslexia treatments, because learning ability is hampered by spatial and temporal attention dysfunction. Thus, treatment of attentional deficits could be crucial in dyslexia remediation.
Since video game training has been proven to increase attention abilities [14, 15, 22] , we investigated the effects of video games on children with dyslexia. In contrast to typical perceptual learning findings in which performance improvement for supra-or subliminal features is strictly stimulus specific [23, 24] , attentional action video game (AVG) training should produce learning that transfers well beyond the task domain [22] . It is predicted that AVG training will improve letter-to-speech sound mapping (phonological decoding) and, consequently, reading abilities.
To test this hypothesis, we measured the phonological decoding of pseudowords and word text reading skills in 20 children with dyslexia before (T1) and after (T2) two video game trainings. Ten dyslexic children were assigned to AVG and ten to nonaction video game (NAVG) training (see the Supplemental Experimental Procedures available online). Chronological age, full intelligence quotient (IQ), reading severity (measured in speed and errors during reading of word and pseudoword clinical lists), and phonological skills were similar in the two groups (see Table S1 ). The two groups did not differ at T1 in both reading and attentional measurements (all p values >0.1). Each child was individually treated by playing a commercial Wii video game (Rayman Raving Rabbids) for a total of 12 hr. The single minigames were selected to create the action and nonaction treatments (see the Supplemental Experimental Procedures and Supplemental Results). Informed written consent was obtained from the parents of each child, and the Scientific Institute E. Medea ethic committee approved the research protocol. The entire research process was conducted according to the principles expressed in the Declaration of Helsinki.
Reading Improvements
The reading inefficiency was measured as a ratio between speed (defined as the time in seconds necessary to read the specific item, depending of the task) and accuracy (defined as the ratio between the correct response and the total number of items). This measure was chosen to control for the tradeoff between reading speed and accuracy. Training-related changes in reading inefficiency were analyzed by a 2 (task: pseudoword decoding and word text reading) *2 (time: T1 and T2) *2 (group: AVG and NAVG) mixed ANOVA. The mean between the three pseudoword reading inefficiencies and the word text reading inefficiency (see Table S2 ) was labeled general reading abilities. The time main effect was significant [F (1, 18) 1E and 1F  and Tables S2 and S3 for details]. The reading improvements after the AVG training were characterized by the increased reading speed without a cost in accuracy. This result is in agreement with the improved speed of processing already found associated with AVG [25] .
To establish the reliability of these findings, we computed the analysis in syllables per seconds, which is an important clinical reading index used in both consistent and inconsistent orthographies [11] . In the reading speed of pseudoworddecoding tasks, the AVG group (mean 0.18 syllable [syll]/s) showed a bigger improvement [t (18) = 2.79, p = 0.01] than the NAVG group (mean 0.05 syll/s). The relevance of this result can be fully appreciated by noting that the pseudoworddecoding improvements obtained after 12 hr of AVG training (mean 0.18 syll/s) were higher than the mean improvements expected in a dyslexic child (0.15 syll/s) after 1 year of spontaneous reading development. Similarly, the AVG group (mean 0.39 syll/s) posted a larger improvement [t (18) = 2.52, p = 0.02] in word text reading skills than the NAVG group (mean 0.08 syll/s). Consistently, the improvement in word text reading speed obtained after 12 hr of AVG training (mean 0.39 syll/s) was higher than the improvement expected (0.3 syll/s) in a dyslexic child without treatment for one year. Moreover, the AVG speed reading improvements were bigger than those obtained by the highly demanding traditional phonological and orthographic treatments and equal to the letterto-speech integration training (see the Supplemental Results).
Thus, AVG training improves not only the basic letter-tospeech sound integration-indexed by increased pseudoword reading efficiency-but also lexical recognition, measured by the word text reading as recently suggested by Vidyasagar and Pammer [6] . Finally, to quantify the reliability at individual level of this group improvement, we analyzed the improvement in the general reading abilities (see Figure 1A ). Eight out of ten (80%) AVG players statistically differed from the NAVG group's mean improvements. In addition, seven out of ten (70%) AVG players were at least 1 SD above the mean of the NAVG in the general reading improvements.
Considering that children with dyslexia could present reading comprehension problems as consequence of the core reading decoding deficit, further studies could directly investigate the possible effect of AVG on this higher level reading parameter.
We also measured changes in phonological skills after treatment, using a phoneme-blending task (see Table S1 and the Supplemental Experimental Procedures). A 2 (time: T1 and T2) *2 (group: AVG and NAVG) mixed ANOVA revealed no significant main effects or interaction, suggesting that reading enhancement driven by AVG training is unrelated to phonological short-term memory improvements.
Two months after the end of the treatment (T3), we followed up on reading improvements induced by AVG training by retesting the phonological decoding skill in six out of ten dyslexic children that did not perform any treatment or training between T2 and T3. A dependent sample t test comparison revealed a nonsignificant difference in pseudoword-decoding skill between T2 and T3 performance, indicating a longlasting reading improvement from AVG training (see Tables  S2 and S3) .
Controlling for the speed/accuracy tradeoff, the reading improvements demonstrate that AVG training did not simply result in a trigger-happy behavior. The explanation of these Pseudoword and word text reading abilities were measured before (T1) and after (T2) NAVG and AVG treatment in children with dyslexia. The general reading improvement is the mean between the pseudoword and the word text reading inefficiency (speed/accuracy) that is reduced by the training. Only AVG players showed significant general reading improvements (A). The general reading inefficiency is showed before (T1) and after (T2) training in NAVG and AVG group (B). Pseudoword (C) and word text (D) reading improvements were significant only in AVG group. Pseudoword (E) and word text reading inefficiency (F) is showed before (T1) and after (T2) training in NAVG and AVG group. Pseudoword and word text reading inefficiency were both significantly reduced only in AVG players. The reading improvements-induced by the AVG training-involve both phonological decoding and lexical reading. The two groups did not differ at T1 in all the reading measurements. *, significant difference. Error bars represent the SE. See also Tables S1-S3, S5, and S6.
results includes the possibility that video games with specific characteristics increase abilities to allocate attentional resources in space and time [14, 15, 22, 25, 26] .
Attentional Improvements
Focused and distributed spatial attention were also measured (accuracy) in T1 and T2 with a single-report task. A red dot appeared before (cue condition) or after (probe condition) a multielement display [27] composed of nonverbal stimuli (see Figures 2A and 2B , respectively). Two separate 2 (time: T1 and T2) *2 (group: AVG and NAVG) mixed ANOVAs were conducted for the cue and probe conditions. In the cue condition, the time main effect [F (1, 18) = 25.56, p < 0.001, h In a single-report task, participants were instructed to keep their eyes on the fixation point and identify the target symbol that appeared above the red dot as accurately as possible and without time limit. The red dot was displayed before (focused spatial attention, A) or after (distributed spatial attention, B) the string of symbols. Dyslexic children treated with AVGs showed significantly greater improvement (accuracy difference between T2 and T1) in both focused (C) and distributed (D) spatial attention tasks. Accuracy in focused (E) and distributed (F) spatial attention tasks are showed before (T1) and after (T2) training, in the NAVG and AVG groups. Accuracy in both focused and distributed spatial attention was significantly increased only in AVG players. The two groups did not differ at T1 in focused and distributed spatial attention. *, significant difference. Error bars represent the SE. See also Tables S4-S6 . Table S4 , and the Supplemental Experimental Procedures).
Crossmodal attention was also measured, with an uninformative, peripheral auditory cue [26] that preceded (by 50 or 100 ms) the display of a visual target at a correct (valid condition) or incorrect (invalid condition) spatial location. Bilateral auditory cues (neutral condition) were also used to distribute attention (see Figure 3A and the Supplemental Experimental Procedures). Temporal attention indexed by reductions in the reaction time needed to localize the left or right visual target at longer (100 ms) versus shorter (50 ms) cue-target interval was analyzed by a 3 (cue type: valid, neutral, and invalid) *2 (time: T1 and T2) *2 (group: AVG and NAVG) mixed ANOVA. Importantly, the Time*Group interaction was significant [F (1, 18) Table S4 , and the Supplemental Results).
These findings are in agreement with several reports documenting the beneficial effects of playing video games for attention [22] . In particular, previous studies have demonstrated that AVG-controlled training was causally linked to enhancements in spatial (e.g., peripheral target recognition) and temporal (e.g., attentional blink and backward masking reduction) attention [15, 22] . AVGs are distinguished by NAVGs by such characteristics as game speed, a high sensory-motor load, and presentation of multiple, peripheral stimuli [22] . AVG players constantly receive both external and internal feedback on their performance, producing learning [21] . AVG players perform better at tasks requiring both distributed and focused visual spatial attention [14] . They also react more quickly to stimulus targets preceded by spatiotemporal cues [28] , suggesting a more efficient alerting system. AVG players have faster response times without a loss of accuracy [25] .
Relationship between Attentional and Reading Improvements
The improvements in spatial and temporal attention correlated with those in general reading abilities (r = 0.52, p = 0.02 and r = 0.49, p = 0.03, respectively). To determine the predictive relationships between attentional and reading improvements, we performed a three-step, fixed-entry, multiple regression analysis on the entire sample of children with dyslexia (n = 20). The dependent variable was the general reading ability improvements, and the predictors were (1) age and full IQ, (2) phonological changes, and (3) spatial and temporal attention improvements (for details, see Table S5 ). The attentional enhancements accounted for about 50% of the unique variance of reading improvement (r 2 change = 0.48, p = 0.01; see Table S6 ), demonstrating a clear, causal link between attentional functioning and reading remediation. AVG training could directly reduce reading disorders in children with dyslexia, increasing the efficiency of their attentional orienting [14, 15, 22, 25] and alerting systems [28] .
Discussion
Previous studies have suggested that visual attention could be crucial for learning letter identities and their relative positions (orthographic processing) independently of language knowledge [6, 10, 12, 29] . In agreement with our causal results, studies have shown that visual attention is impaired not only in dyslexic children [16, 17] but also in prereaders at familial risk for dyslexia [18] , indicating that attentional disorders are present before reading acquisition. In addition, a recent longitudinal study demonstrated that prereading visual attention predicts future reading acquisition skills in second grade, controlling not only for age, IQ, and phonological processing, but also for nonalphabetic, visual-to-phonological mapping [10] . About 60% of future poor readers displayed visual attention deficits as prereaders [10] . The importance of the visual attention and the phonological factors could vary across languages based on their orthographic transparency degree. However, visual attention deficit in dyslexia was found in both consistent and inconsistent orthographies [30] [31] [32] [33] [34] [35] [36] . Accordingly, extra-large spacing between letters improves reading efficiency in dyslexic children with consistent and inconsistent orthographies [11] , helping to focus attention [37] on each successive letter within a written word [3] .
Since all AVGs share an extraordinary speed in terms of transient events and moving objects, a high degree of perceptual and motor load, and an emphasis on peripheral processing, AVG training might mainly improve the efficiency of the magnocellular-dorsal pathway or ''action'' stream [6, 9, 12, 17] . Although further studies are necessary to investigate the specific role of the ''action'' stream in reading acquisition, our results demonstrate the causal role of visual spatial and crossmodal temporal attention in dyslexia.
Our findings-supported by results showing that attention can be studied [38] and efficiently trained [39] during infancy-pave the way for low-resource-demanding early prevention programs that could drastically reduce the incidence of reading disorders. An auditory spatial-temporal cue was presented in the left, right, or both loudspeakers placed on either side of the screen. A dog appearing in one of the two circles was the target stimulus. Children had to press one of two buttons on the keyboard to indicate whether the target appeared in the left or the right circle (A). Crossmodal temporal attention improvements refer to the improvements between T1 and T2 in the reaction time needed to correctly localize the target at second cue-target interval (100 ms) in comparison to the first cue-target interval (50 ms). AVG players showed a significant improvement in temporal attention compared to NAVG players (B). Temporal attention (reaction time difference between second and first cue-target interval) is showed before (T1) and after (T2) training in the NAVG and AVG groups (C). Temporal attention was significantly increased only in AVG players. The two groups did not differ at T1. *, significant difference. Error bars represent the SE. See also Tables S4-S6. 
